We have fabricated microstructured polymer optical fibers that guide light in a hollow core using the photonic bandgap mechanism. The hollow core allows the use of polymer fibers to be extended to wavelength ranges where material absorption typically prohibits their use, with attenuation lower than the material loss observed in the infrared. The fabrication method is similar to other microstructured polymer optical fibers, which has favorable implications for the feasibility of manufacturing such bandgap fibers.
Hollow-core optical fibers are able to guide light in an air core by using the photonic bandgap guidance mechanism. 1 The air core is surrounded by a microstructure that typically consists of a pattern of air holes extending longitudinally along the fiber. The microstructure has photonic bandgaps, and light of wavelengths corresponding to these is strongly reflected by the microstructure and guided in the core of the fiber.
Hollow-core fibers were first demonstrated by using silica photonic crystal fibers. 2, 3 In hollow-core photonic crystal fibers, the air core is surrounded by a connected 2D lattice of silica rods. Other examples demonstrated are Bragg fibers in which the hollow core is surrounded by a 1D Bragg reflector consisting of alternating layers of high-and low-index materials. These fibers can consist of two (solid) materials 4 or of a single material in which rings of holes are used to define the low-index layers. 5 The latter are sometimes referred to as ring-structured Bragg fibers and have been demonstrated by using silica. 6, 7 Hollow-core fibers are of interest in this work as the ability to guide light in air makes the fibers material agnostic and reduces unwanted material properties such as absorption and nonlinearity to a large extent. This is especially significant for conventional polymer optical fibers (POFs) made from polymethylmethacrylate (PMMA), which has strong absorption bands for Ͼ850 nm arising from C u H bonds (Fig.  1) . Although POF is relatively inexpensive and is used for short-distance data transmission, the material absorption restricts the wavelengths and distances over which these fibers are useful. Deuterated or fluorinated polymers can decrease material absorption but are intrinsically more expensive. 8 A hollow-core PMMA fiber would bypass the material's properties, as the light is guided in the air, while retaining the use of the inexpensive material and the variety of methods that can be used to fabricate the performs, such as drilling, extrusion, casting, and molding. 9, 10 In this work we report the demonstration of hollow-core microstructured POF (mPOF). The fibers produced resemble ring-structured Bragg fibers, and transmission in the hollow core was observed for a range of wavelengths, including the infrared, at which the material is not transparent. This is the first example to our knowledge of a nonsilica singlematerial hollow-core fiber.
The two-stage draw process routinely used in mPOF fabrication was used for these fibers. 9 Primary preforms of 70 mm diameter, made of commercially available PMMA, were drilled with the required hole pattern by using a computer-controlled mill and were drawn to 6 mm canes. The canes were sleeved to 12 mm diameter and drawn to fibers of 120-330 m diameter.
An extra challenge in the fabrication of these fibers is the tendency of the large central hole (core) to expand during the draw process. The choice of ringstructured Bragg fibers was partly motivated by the tolerance of the microstructure to such deformations; nevertheless, control of the expansion with pressure proved favorable. Three fibers from different primary preforms with three and five rings of holes were produced with varying (relative) core sizes; examples are shown in Fig. 2 .
The transmission was measured by launching light from a supercontinuum source 11 into the hollow core of the mPOF and coupling the output to a spectrum analyzer. Multimode transmission was observed for Fiber A, which had three rings of holes surrounding a large core (Fig. 2) . Discrete transmission windows were observed in the output, and their wavelength scaled with the size of the fiber, as expected for bandgap guidance, resulting in a changing coloration of the output (Fig. 3) . In total, five transmission windows were observed, and a minimum loss of 31 dB/ m at = 1300 nm. The loss of a sample of Fiber A (Fig. 4) remains below the material loss in the transmission bands for Ͼ1120 nm; specifically, at 1390 nm the transmission loss of 40 dB/ m is compared with the 420 dB/ m material loss, and for Ͼ1600 nm, transmission is achieved despite a material loss of up to 3000 dB/ m (the material is not transparent).
Single-mode guidance was achieved in Fiber B, which had a reduced core size. Fiber C consisted of five rings of holes, and only the fundamental mode could be excited. A large 350 nm wide transmission window was observed centered on = 750 nm, with a loss of 70 dB/ m. The loss is higher than in Fiber A, as it is dominated by the smaller core rather than the additional rings.
The transmission windows contained disruptive features, resembling the effects of surface modes observed in hollow-core photonic crystal fibers. 12 These are attributed to structural deformations in the fiber ultimately arising from the choice of microstructure.
Ideal ring-structured Bragg fiber can be considered as having circular symmetry, consisting of high-index (polymer) and low-index (average of air and polymer) layers forming the Bragg reflector. 13 However, the structures used were not uniform in the cross section, as the relative position of holes in adjacent rings changed around each ring. The holes alternate between a locally square lattice, where the holes line up with the adjacent ring, and a hexagonal lattice, where the holes are out of phase. The draw process deforms the ideal structure around the holes and exacerbates these differences, resulting in an azimuthal variation of the thickness of the polymer layers (Fig. 2) . Each layer then resembles a set of connected rods and develops a 2D nature, compared with the ideally 1D Bragg reflector. In addition, the layers are chirped, but the increase in thickness going away from the core is not as large as the azimuthal variations.
The heterogeneities arising from the nonuniform cross section are seen as resonances inside the bandgaps and can also serve to widen the transmission windows at the expense of higher confinement loss. The uniformity of the cross section can be improved with more careful consideration of the hole positions and sizes or by using the more traditional hexagonal arrangement of holes, which is intrinsically more uniform, as only one lattice type is employed. Nevertheless, the ability to scale the transmission with fiber diameter (over such a wide range of fiber diameters, Fig. 3 ), shows that longitudinally uniform, if not ideal, structures can be produced.
Preliminary modeling of Fiber A by the adjustable boundary condition method 14 confirmed the positions of the bandgaps to within 10%. Details of the size and shape of features in the cross section could only be approximated to a similar accuracy. The effects of the material absorption on the hollow-core mPOF will depend on the details of the structure and how strongly the light is confined to the air core. Indicative calculations were undertaken by using the adjustable boundary condition method. The loss for idealized ring-structured Bragg fibers qualitatively similar to those fabricated 5 was calculated, taking into account the material loss and considering only the lowest loss mode (TE 01 for the modeled designs; N.B., the fibers tested experimentally were either multimode or supported a HE 11 mode). For a structure with a very small core (5 m diameter) and nine rings of holes the contribution of the material loss was reduced by a factor of 100, and for a larger core (10 m diameter) by a factor of 1000. Decreasing the number of rings for the larger core to six increased the overall loss significantly but had little effect on the contribution of the material loss. These values agreed well with the fraction of power in the polymer in each case.
The flexibility of the polymer allows the size of the microstructure to be reduced by stretching the fiber, thus tuning the wavelengths guided (or narrowing the transmission windows if only part of the fiber is stretched). For small strains the reduction in size is simply obtained by conserving the volume of the fiber, and a 2.7% reduction in the wavelengths was observed for an applied strain of 5.8% for Fiber A (Fig.  5) , as expected. A 4.9% decrease in the wavelength was also obtained but no longer scaled with the strain (up to 17%) in the same way. The larger strain required exceeded the elastic limit of the polymer and can result in nonuniform deformations of the fiber diameter, such as necking. For the tuning to be completely reversible the strain must remain below the elastic limit, which depends on the tension the fiber was drawn under, but is generally Ͻ2%. These results have obvious applications to sensing.
Although the loss of these proof-of-concept fibers is high, it will no doubt be reduced with improved fabrication procedures and experimentation with different structures. The demonstration of transmission in air and loss below the material loss has important implications for POFs. It shows the potential to manufacture low-loss polymer fibers for any wavelength using ordinary material and established fabrication methods. This extends the range of wavelengths and lengths over which polymer fibers can be used, as well as eliminating the need for expensive deuterated or fluorinated materials. Removing the requirement of transparency may result in opportunities with materials that have favorable thermal or mechanical properties that may be required for specific applications. 
